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Comprehensive accounts of human adaptive behavior 
have increasingly focused on prediction as a core com-
ponent that explains individual goals (through predictive 
coding) and learning (via prediction error). These ac-
counts posit that the human brain generates predictions 
about future events by continuously updating and inte-
grating bottom-up information from the external and 
internal environment with top-down expectations that 
are determined by individual goals or shaped by previous 
experiences (Clark, 2013). In neuro-cognitive learning the-
ories, predictive coding or prediction error is defined as 
a basic mechanism that aligns the internal representation 
of goals with perceived events to guide perception and 
action (Friston, 2010). The notion of prediction has also 
influenced theoretical models of human language com-
prehension, which assume that individuals continuously 
form expectations about upcoming linguistic contents at 
the semantic, morpho-syntactic, lexical, and discourse lev-
els. Hence, prediction facilitates language comprehension, 

which in turn can free up cognitive resources to enable more 
effortless communication between individuals (Kuperberg 
& Jaeger, 2016; Pickering & Gambi, 2018).

Theoretical models about prediction are driven primar-
ily by evidence from studies of young adults, who have a 
comprehensive knowledge base, extensive language expe-
rience, and fully developed cognitive systems. In contrast, 
children have a smaller knowledge base, their language ex-
perience changes tremendously over childhood, and their 
cognitive abilities are increasing substantially. Therefore, 
developmental studies are an optimal testing environment 
to answer the questions of whether, when, and under which 
conditions prediction error serves as a general mechanism 
to help individuals learn novel word meanings and store 
semantic representations in memory.

Several excellent reviews address the role of prediction in 
research on language learning (e.g., Babineau et al., 2023; 
Zettersten, 2019), including the implementation of predic-
tion errors in computational models of language learning 
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(Rabagliati et  al.,  2016). Therefore, we will discuss only 
briefly what we know about predictive language processing 
in childhood. Our main aim is to highlight an emerging re-
search field that investigates not only how prediction error 
supports immediate linguistic updating during online pro-
cessing but also how prediction drives long-term learning 
and aids in retrieving linguistic representations from mem-
ory. We also consider how individual differences in both 
linguistic skills (e.g., vocabulary size) and cognitive skills 
(e.g., working-memory capacity) might modulate predictive 
processing. Cognitive mediators in the use of prediction 
have been underexplored in the literature, and assumptions 
about cognitive constraints have not been used in computa-
tional models about language development.

PREDICTION-BASED 
ACCOU NTS IN LEARN ING A N D 
LA NGUAGE TH EORIES

Although prediction-based accounts share the general as-
sumption that expectations reflect previous experiences 
and knowledge and that these expectations are continu-
ously updated to create optimal cognitive representations 
of a given situation, the precise notion of prediction differs 
slightly across research fields. In language research, predic-
tion refers to preactivating and preprocessing incoming 
spoken or written linguistic information that unfolds in re-
sponse to the emerging message and critically, in advance 
of the target linguistic stimulus (Kutas et al.,  2014). For 
example, when listening to the start of a sentence like “On 
hot summer days, children love to eat…,” listeners activate 
the representation of the word ice cream and not broccoli 
before hearing the final word. Prediction is probabilistic in 
nature and can occur at multiple levels of representation. 
That is, comprehenders may generate expectations for an 
upcoming linguistic signal at the level of semantic mean-
ing, syntactic structure, or phonological and orthographic 
information. The preactivation of information is thought 
to depend not only on the constraints of the context but 
also on comprehenders' prior knowledge and current 
goals, as well as on the demands of the current task (for a 
review, see Kuperberg & Jaeger, 2016).

To a great extent, studies on prediction have been con-
ducted with adults who have a large lexicon and knowl-
edge base. But what about cases where comprehenders' 
knowledge is emerging, as occurs in early language 
learning in infancy? Next, we summarize empirical evi-
dence pertaining to whether prediction occurs in infancy 
and which methods are suitable to investigate prediction.

PREDICTIVE PROCESSING IN 
EARLY A N D M IDDLE CH ILDHOOD

Children's brains process the regularity of events and 
code events that are infrequent or not in line with their 

expectations. For instance, the mismatch negativity (MMN) 
is a component of electroencephalograms (EEGs) that is 
elicited by irregularity in the incoming perceptual input. 
Children as young as 2 months show the MMN in re-
sponse to infrequent auditory information, suggesting that 
they discriminate phonemes to identify word boundaries 
(Friederici, 2005; Ylinen et al., 2017). Another well-known 
EEG component, the N400, reflects semantic processing 
at the word and sentence level, and indicates whether the 
meaning of a word is known or fits into the sentence context. 
Even children as young as 9 months show a N400 to words 
when a presented picture does not match the meaning of a 
spoken word (Parise & Csibra, 2012). At the sentence level, 
the N400 has been demonstrated in 19- and 24-month-olds 
for words that do not fit the context of the preceding sen-
tence (Friedrich & Friederici,  2005). However, coding 
the irregularity of events (as reflected in the MMN) and 
measuring integration difficulties (by means of the N400) 
do not necessarily mean that children generate predictions 
during online language processing. As noted in compre-
hensive reviews (e.g., Kuperberg & Jaeger, 2016; Rabagliati 
et al., 2016; Zettersten, 2019), event-related potential mis-
match responses (the MNN or the N400) are consistent 
with two possible accounts: They reflect prediction-related 
processing difficulties or they reflect the difficulty in inte-
grating an unpredictable word into a context (see also Kutas 
et al., 2014). (For the sociodemographic characteristics of 
the studies reviewed herein, please see Table S1.)

To circumvent this issue, researchers have sought ways 
to investigate the activation of critical words before they 
become available in the input, for example, by using the 
visual world paradigm (Huettig & Mani, 2016). In this par-
adigm, a constraining sentence is presented auditorily in 
combination with a visual scene consisting of two or more 
objects. Typically, only one of the depicted objects (i.e., the 
target) is consistent with a predictable word in the sentence. 
Predictive processing is assessed by comparing eye move-
ments toward the target versus distractor objects before the 
target name is realized acoustically (see Figure 1).

Table  1 provides an overview and summary of devel-
opmental studies that applied paradigms suitable for mea-
suring predictive processing, sorted by the age range of the 
participants and levels of linguistic representation. Many 
of the studies investigated predictive processing at the se-
mantic level of representation. Accordingly, in eye-tracking 
studies, by age 2, children generated semantic predictions 
based on sentence context. For instance, children showed 
a larger increase in target fixation to fit a semantically con-
straining verb (e.g., eat) to a picture conveying the context 
of a sentence (e.g., ice cream) than they did in their ability to 
fit a semantically neutral verb (e.g., see) to a picture convey-
ing the sentence context, with the increase in target fixations 
already occurring prior to the final noun (see Figure 1; Mani 
& Huettig, 2012, 2014). Children, like adults, may even show 
anticipatory fixations to not just one but three or four visual 
prediction options (Sommerfeld et al., 2023). Preactivation 
of semantic features is prioritized in 2-year-olds, although 
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they also preactivate other information, such as shape infor-
mation (Bobb et al., 2016). Between ages 3 and 10, children 
preactivate lexical-semantic information not just based on a 
single semantically constraining verb, but also by combin-
ing multiple words using syntactic constraints (Borovsky, 
Elman, & Fernald,  2012). With increasing age, evidence 
suggests that prediction occurs at the morpho-syntactic 
(e.g., Cholewa et al., 2019; Günther et al., 2023), syntactic 
(e.g., Beretti et al., 2020; de Carvalho et al., 2021), and dis-
course level (e.g., Borovsky, Elman, & Fernald, 2012; Lee 
et al., 2022; Yazbec et al., 2019).

One major shortcoming of many of these studies is that 
they examined participants in a restricted age range or one 
age group, making it difficult to identify developmental 
changes in predictive processing. That is, studies have fo-
cused more on the age at which children predict rather than 
how this ability changes over time. Studies comparing a 
group of children with a group of young adults have often 
found similar patterns of results in both age groups (e.g., 
Borovsky & Creel, 2014; Gambi et al., 2016; Lee et al., 2022; 
Lindsay et al., 2019), probably because the complexity of 
the task and the materials were adapted to children. Hence, 
while these studies illustrate that even young children have 
the capacity to predict, we do not know whether children 
use these skills in the same ways as adults, or how these 
skills emerge and change over time. Another shortcoming 
is that many of the studies investigated predictive process-
ing at only one level of representation (e.g., semantic or 

syntactic), so conclusions are limited regarding the poten-
tially different developmental trajectories using prediction 
at different levels of representation and how they may in-
teract (cf., Babineau et al., 2023).

In summary, we know that children can use prediction 
as a unified principle for processing upcoming information 
at different levels of linguistic presentations (e.g., semantic, 
lexical, phonological). We also know that the use of predic-
tion depends strongly on a sufficiently detailed represen-
tation of prior context. For a comprehensive theoretical 
framework about the development of prediction and its 
impact on language processing, we need to learn about the 
boundary conditions that determine the use of predictions 
in children. For instance, we know little about how much 
prior learning is required at which age and at which level of 
representation. Next, we review new research that applies 
paradigms that systematically manipulate the exposure to 
novel linguistic information to either immediately update 
representations or retrieve them from memory.

RELATIONS BETW EEN 
PREDICTION ERROR A N D 
SUBSEQU ENT LEARN ING 
A N D M EMORY

In many neural network models, prediction error is es-
sential for language learning (for a review, see Rabagliati 

F I G U R E  1   Examples of stimuli and results of visual-word eye-tracking studies. (a) Example stimulus of a typical visual-world eye-tracking 
study on prediction. Participants were auditorily presented with a sentence such as “On hot summer days, children love to eat ice cream” while 
they looked at a visual display presenting one target object (ice cream) and one distractor object (guitar). (b) Example results on the time course 
of target fixations while hearing the sentence. Upon hearing the verb “eat,” adults and children anticipatorily fixated on the single edible object 
while fixations on the distractor decreased. This effect occurred shortly after verb presentation and prior to the target presentation, suggesting 
that children and adults predicted the noun based on the verb. (c) Expected relations between the prediction effect and vocabulary size in 
groups of children and adults.
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et al., 2016). For example, prediction error drives learning 
in recurrent connectionist network models (Elman, 1990). 
In the dual-path model (Chang et al., 2006), prediction 
error plays a central role in modeling novel word learn-
ing in early development. Similarly, in the predictive 
interactive multiple memory systems framework, predic-
tion error is associated with the formation of stronger 
memory traces (Henson & Gagnepain, 2010). Most evi-
dence arguing that prediction error is related to language 
development comes from correlational studies, which do 
not allow for conclusions about whether prediction error 
is the source of learning.

Developmental researchers have started to conduct 
experimental studies that directly test whether predic-
tion error is a source for learning and memory. Here, we 
distinguish between two consequences that prediction 
error may have in the learning phase: (1) immediate up-
dating of linguistic representations, which in turn can 
facilitate the processing of previously unexpected/dis-
confirmed linguistic information, and (2) longer-term re-
trieval from recognition memory when individuals need 
to retrieve information they have previously encoded in 
the learning phase (i.e., memory retrieval).

In Table 2, we summarize the main findings of new 
experimental studies sorted by age and the types of 
downstream consequence on memory and learning. A 
few experimental studies have sought to measure the 
consequences of predictive processing by means of ad-
aptation to changes in frequency of linguistic informa-
tion, such as syntactic forms (e.g., verb or noun phases; 
Havron et al., 2019). For instance, in one study (Fazekas 
et  al.,  2020), 5- to 6-year-olds who had more exposure 
to less common dative structures in a learning phase in-
creased their production of dative structures in the sub-
sequent posttest. However, because these studies used 
frequency manipulations, it is less clear whether children 
actively used prediction to encode linguistic information 
in the learning phase. Nevertheless, these types of para-
digms are well-suited to systematically vary the amount 
of exposure during the learning phase, which can help 
answer this question if one or more repetitions are re-
quired in different age ranges to induce learning novel 
linguistic information.

Other studies have explored how prediction error 
might support word learning by comparing how chil-
dren acquired the meanings of (unexpected) novel words 
in contexts with a stronger versus weaker prediction 
error (see Table  2). For example, in one study (Reuter 
et al., 2019), researchers measured the magnitude of pre-
diction error (via eye-tracking) as the difference between 
preschoolers' initial expectations for a known word and 
their subsequent shift (redirection) in attention toward a 
novel item in weakly and highly constraining sentences; 
novel words appeared in place of highly expected, il-
lustrated nouns (e.g., “Yum! Let's stir the soup with a 
cheem”) while the children viewed an image of a (label-
known) spoon and a (label-unknown) honey dipper. 

Preschoolers' subsequent retention of novel words was 
related to the initial magnitude of this “predict and redi-
rect” response.

But does prediction error affect long-term memory 
representations? The effects are mixed. While in one 
study (Reuter et al., 2019), prediction error fostered rec-
ognition and learning of novel word meanings in 3- to 
5-year-olds, in another (Gambi, Pickering, et al., 2021), re-
searchers found prediction error-driven learning effects 
in young adults but not in 2- to 4-year-olds. Moreover, in 
studies using a recognition memory paradigm in young 
adults, researchers suggested that prediction can also 
come with downstream memory costs by demonstrating 
that lexical preactivation of words that were expected 
but not actually presented can linger in memory and lead 
to false memory effects in a subsequent word recognition 
task (e.g., Haeuser & Kray, 2022; Hubbard et al., 2019).

This false prediction-recognition paradigm can di-
rectly probe which kind of linguistic information is 
preactivated and lingers in memory, and support explo-
rations of how this preactivated information changes 
across development. Such paradigms can be used to de-
termine, for example, whether presented information is 
maintained in semantic form only or also in phonologi-
cal form by comparing false alarm rates between seman-
tic and phonological lures of predicted but not presented 
items in the recognition task. From a developmental per-
spective, this paradigm would allow researchers to di-
rectly test whether children experience more interference 
than adults from co-activation of phonological lures. In 
summary, these novel paradigms, which probe the long-
term memory consequences of prediction, might illumi-
nate not only when but also under which conditions and 
what kind of representations children learn.

HOW DO CONSTRAINTS IN 
LA NGUAGE A N D COGN ITIVE 
SK ILLS A FFECT PREDICTION?

Because age is not an explanatory variable in develop-
mental research, studies on developmental changes in 
prediction should include measures of language and 
cognitive skills more frequently. Since predictive pro-
cessing is likely to be shaped by prior language experi-
ence and world knowledge, the magnitude of prediction 
error should be related to language skills (e.g., Huettig 
& Janse,  2016). Currently, only correlational evidence 
supports this view (see Table  1), showing that larger 
prediction effects emerge in children with larger vo-
cabularies (Borovsky, Elman, & Fernald,  2012; Mani 
& Huettig,  2012; Özkan et  al.,  2022; but see Gambi 
et al., 2016) and more advanced reading skills (Mani & 
Huettig, 2014).

However, to answer the question of whether lan-
guage skills such as the size of the lexicon are the 
source or the consequence of prediction, researchers 
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need to use longitudinal designs (see Table  3). Only 
one study has investigated longitudinal changes in vo-
cabulary size (over 7 months) and its relation to pre-
dictive processing (Gambi, Jindal, et al., 2021). In that 
study, researchers measured predictive processing in a 
graded fashion by comparing the proportion of fixa-
tions on objects that were unpredictable, moderately, 
and highly predictable, depending on sentence con-
text. The difference between the three conditions (i.e., 
the graded prediction effect) increased with age from 
2 to 5 years, and the increase in vocabulary size after 
7 months was correlated with this graded prediction 
effect. However, since the authors measured only the 
increase in vocabulary and not changes in the graded 
prediction effect, the direction of changes between 
these variables could not be determined. Hence, it re-
mains unclear whether changes in vocabulary in early 
childhood drive changes in predictive processing or 
vice versa (see Table 3).

Like linguistic skills, cognitive functioning in-
creases substantially throughout childhood and may 
support the use of prediction for learning and memory. 

For example, working memory capacity increases tre-
mendously over childhood (Gathercole et  al.,  2004) 
and is tied to other language skills, such as sentence 
processing (Gilchrist et al., 2009) and reading compre-
hension (Swanson & Jerman, 2007). Working memory 
is also linked to other language processing skills. For 
example, early lexical processing skills at age 2 pre-
dict working memory capacity at age 7 (Marchman & 
Fernald,  2008). In studies of adults, individuals with 
larger working memory capacity and faster processing 
speed were more likely to use predictive information 
(Huettig & Janse, 2016). Furthermore, in a study of 4- 
to 8-year-olds, working memory capacity was positively 
correlated with prediction skills (Özkan et  al.,  2022). 
These findings suggest that working memory and pre-
dictive processing abilities likely influence each other 
across development.

Recent theoretical assumptions on prediction in 
adults argue for a tradeoff between memory and sur-
prisal (prediction error). The rationale is that a certain 
degree of prediction error (by providing more contex-
tual information for prediction) can be achieved only 

TA B L E  3   Challenges and needs of developmental research on prediction error.

1.	How can intervention (training) studies help infer the causal relations between prediction and language learning? Intervention studies can simulate 
longitudinal changes in a shorter time frame by manipulating the degree of exposure to specific aspects of language. Such intervention studies 
should include a pretest phase to determine baseline performance (e.g., a bias for using a specific lexical structure) and a posttest phase to 
examine changes from pre- to posttest after a learning phase (exposure to a new lexical structure; cf. Fazekas et al., 2020). Studies of adults 
have shown that even a single exposure to a new, unknown word in a predictable sentence context can lead to fast learning of novel word 
meanings (Borovsky et al., 2010; Borovsky, Elman, & Kutas, 2012). Studies with young children have demonstrated that they can infer word 
meanings from context in “fast-mapping” paradigms with limited alternative options and strong linguistic and referential support. However, 
it seems that children's ability to engage in one-shot learning from sentence context alone increases throughout development (Vergilova 
et al., 2022). Researchers need to address under which conditions one-shot learning is supported in early childhood. In general, we do not 
known how much exposure (practice) is needed at different levels of linguistic encodings throughout early development for integration of 
information in short- and long-term memory. Compared to adults, children likely need more exposure to novel unknown words before those 
words can be integrated into their semantic knowledge base (Borovsky, 2022).

2.	What is the direction of developmental changes between prediction (error) and learning and memory? The field needs more longitudinal 
studies to determine more effectively the direction of these relations throughout childhood development (cf. Rabagliati et al., 2016). 
Although preliminary evidence suggests relations between prediction and language learning, the direction of developmental changes 
has not been investigated. Longitudinal research designs would allow studies to determine whether prediction (error) can explain 
developmental changes in language learning, such as fostering an increase in vocabulary size. Alternatively, developmental changes in the 
knowledge base (e.g., vocabulary size) could be the determiner for developmental changes in using prediction during language processing. 
We speculate that both skills are likely to play a role, but that the relative importance of these relations will vary with age. In terms of 
methods to test the importance of the direction of developmental changes (e.g., prediction error → lexicon; lexicon → prediction error), 
latent change growth models are particularly suitable. These models also allow researchers to test whether the change depends on initial 
performance level (e.g., lexicon size) and whether the change is correlated to changes in other domains of functioning, such as cognition 
(e.g., working memory). If prediction is measured at two different levels of representation (syntactic and semantic), such models can also 
test how changes at these levels are related to each other.

3.	How do capacity limitations in language and cognitive skills during early childhood contribute to using prediction (error) and its relations to 
learning and memory? Among the critical questions are: To what extent do linguistic skills or domain-general cognitive functions support 
prediction? Do children leverage these skills to predict upcoming input, or does prediction enable the maturation of these cognitive 
functions? Age differences in using prediction (error) may be mediated by individual differences in language and cognitive skills. For 
instance, prediction (error) may occur only with a certain level of world knowledge. If the knowledge base is small, the likelihood of 
inducing a prediction error is also low. Also, working memory capacity is needed to maintain relevant semantic information until the end 
of a sentence to produce a prediction error that could limit capacity in early childhood. Although some evidence suggests that individual 
differences in vocabulary size, reading skills, and processing speed are related to prediction errors, the general pattern of results is mixed. 
One reason may be the lack of reliability of measurement because researchers used only single indicator tests. Therefore, researchers 
should create a battery of tests to measure language skills (e.g., productive and receptive vocabulary, verbal and reading fluency) and 
cognitive skills (e.g., working memory, speed of processing, inhibition), ideally at the construct level (with more than one indicator test) to 
increase the reliability and validity of measurement. Doing so will help researchers identify which capacity limitations in early childhood 
contribute to using prediction error and its relations to learning and memory. Conducting data of this sort and measuring multiple tests 
will be challenging in early infancy.
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by storing previous linguistic information in memory 
(Hahn et al., 2021). Some (e.g., Futrell et al., 2020) also 
claim that processing difficulties elicited by a word in 
context depend on “lossy” memory representations of 
the previous context (i.e., a potentially incomplete con-
textual representation). Because working memory ca-
pacity increases substantially throughout childhood, 
these cognitive constraints may modulate engagement 
in linguistic prediction depending on the complexity of 
the task (e.g., working memory may be more engaged at 
the discourse level than at the lexical level). More evi-
dence is needed to help substantiate this view. Although 
the assumption of memory is implemented in neural net-
works about language learning in childhood, cognitive 
constraints such as incomplete memory representations, 
among others, are not, even though they may help ex-
plain why prediction (error) and its impact on learning 
and memory change with age.

In summary, researchers should include individual 
differences in language and cognitive skills as constrain-
ing variables in studies of developmental changes in 
prediction. They should also conduct more longitudi-
nal studies to determine the direction of changes (e.g., 
prediction → lexicon size, or lexicon size → prediction). 
(For more information about the challenges and needs 
of forthcoming research, see Table 3.)

CONCLUSION

Children use prediction to anticipate upcoming linguistic 
information, but evidence on longitudinal developmental 
changes at different levels of linguistic representations 
and our understanding of how they inform each other 
is still new. In this emerging research field, developmen-
tal studies can provide data about the role of prediction 
error in updating, learning, and memorizing linguistic in-
formation in childhood. Paradigms that manipulate the 
frequency of linguistic information are well-suited to help 
researchers examine the amount of exposure needed for 
learning, while paradigms probing the long-term memory 
consequences of prediction can determine under which 
conditions and what kind of representations children 
learn. Researchers need to undertake longitudinal studies 
and use multiple measures of language and cognitive skills 
to answer the questions of at which age, under which con-
ditions, and why prediction aids language learning.
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